ABSTRACT The enrichment culture KS is one of the few existing autotrophic, nitrate-reducing, Fe(II)-oxidizing cultures that can be continuously transferred without an organic carbon source. We used a combination of catalyzed amplification reporter deposition fluorescence in situ hybridization (CARD-FISH) and nanoscale secondary ion mass spectrometry (NanoSIMS) to analyze community dynamics, singlecell activities, and interactions among the two most abundant microbial community members (i.e., Gallionellaceae sp. and Bradyrhizobium spp.) under autotrophic and heterotrophic growth conditions. CARD-FISH cell counts showed the dominance of the Fe(II) oxidizer Gallionellaceae sp. under autotrophic conditions as well as of Bradyrhizobium spp. under heterotrophic conditions. We used NanoSIMS to monitor the fate of 13 C-labeled bicarbonate and acetate as well as 15 N-labeled ammonium at the single-cell level for both taxa. Under autotrophic conditions, only the Gallionellaceae sp. was actively incorporating 13 C-labeled bicarbonate and 15 N-labeled ammonium. Interestingly, both Bradyrhizobium spp. and Gallionellaceae sp. became enriched in [ 13 C]acetate and [ 15 N]ammonium under heterotrophic conditions. Our experiments demonstrated that Gallionellaceae sp. was capable of assimilating [ 13 C]acetate while Bradyrhizobium spp. were not able to fix CO 2 , although a metagenomics survey of culture KS recently revealed that Gallionellaceae sp. lacks genes for acetate uptake and that the Bradyrhizobium sp. carries the genetic potential to fix CO 2 . The study furthermore extends our understanding of the microbial reactions that interlink the nitrogen and Fe cycles in the environment.
oxidizer might depend on the presence of the heterotroph either for the removal of inhibitory metabolic end products or for the allocation of essential nutrients. Additionally, the isolation of acidophilic Fe(II) oxidizers often revealed heterotrophic bacteria in close association with the autotrophs. These heterotrophs were able to survive without the addition of an external organic carbon source (16) (17) (18) . The interactions between such a coculture were demonstrated by Kermer et al. (19) for the autotrophic Fe(II) oxidizer Acidithiobacillus ferrooxydans and the heterotroph Acidiphilium cryptum using protein-based stable-isotope probing. The heterotroph oxidized [ 13 C]galactose and produced [ 13 C]CO 2 , which was fixed by A. ferrooxydans. But in addition, A. ferrooxydans produced and secreted 13 C-labeled organic metabolites, which were assimilated by A. cryptum (19) .
In a recent metagenome study, He et al. (2) obtained draft genome sequences of the culture KS Fe(II) oxidizer and flanking community members. The study confirmed that the Gallionellaceae sp. in culture KS is the Fe(II) oxidizer by identifying homologs of the MtoAB complex in its genome. The MtoAB complex is a porin-multiheme cytochrome c system that has previously been identified in ES-1 and ES-2 (20) . In the draft genomes of the flanking community members, no genes for extracellular electron transfer pathways for Fe(II) oxidation have been identified, leading the authors to the conclusion that the flanking populations in culture KS might not be capable of autotrophic nitrate-dependent Fe(II) oxidation (2) . Interestingly, most of the flanking community members carry genes for complete nitrate reduction. The genome of the Gallionellaceae sp. encodes the nitrate reductase complex (Nar) and both nitrite reductase systems (NirK/S) but lacks a nitric oxide and nitrous oxide reductase gene (2) . Therefore, the Gallionellaceae sp. might be dependent on the flanking community for complete denitrification and the detoxification of its incomplete denitrification product nitric oxide (NO). However, in order to carry out complete denitrification, the heterotrophic flanking community requires an electron donor. It has been suggested that the Gallionellaceae sp. could provide a source of fixed carbon to the flanking heterotrophic community (2) . The Gallionellaceae sp. carries the genetic potential for CO 2 fixation because its genome contains form II RubisCO and all other genes of the reductive pentose phosphate pathway (2) . The ability to incorporate CO 2 into biomass under autotrophic conditions was already shown earlier for Gallionella ferruginea (21) . But also in the genomes of some flanking community members (Bradyrhizobium sp. and Rhodanobacter sp.) IC-type RubisCO genes have been identified (2) . However, whether the flanking community members do fix CO 2 in culture KS or if the Gallionellaceae sp. provides them with fixed carbon for denitrification is currently unknown.
In this study, we report results from growth experiments of culture KS with Fe(II) and bicarbonate under autotrophic conditions and under heterotrophic conditions with acetate as the sole carbon source to verify carbon assimilation and potential carbon interspecies interdependencies in culture KS that have been previously derived from in silico analysis of the KS metagenome. Using catalyzed amplification reporter deposition fluorescence in situ hybridization (CARD-FISH), we quantified the growth of individual community members during autotrophic growth with 13 C-labeled bicarbonate and heterotrophic growth with [ 13 C]acetate. [ 15 N]ammonium was used under the two growth conditions as an indicator for general cell activity. Secondary ion mass spectrometry at the nanoscale (NanoSIMS) enabled us to quantify carbon assimilation by single cells of CARD-FISH-identified populations in the enrichment culture KS during exponential growth and at the stationary phase.
RESULTS
Community composition. Classification of the 454 pyrosequencing data revealed that culture KS was dominated by only a few operational taxonomic units (OTUs) under both growth conditions (Table 1) . Under autotrophic conditions with Fe(II) as the electron donor, the culture is dominated by mainly one OTU (99% relative sequence abundance). The OTU has 94.2% 16S rRNA gene sequence similarity to the lithoautotrophic, microaerophilic Fe(II)-oxidizing Betaproteobacteria member Gallionella ferrug-inea. A second Gallionella sp. OTU with only 0.4% relative sequence abundance had 93.4% sequence similarity to Gallionella ferruginea. However, using the 16S rRNA gene sequence information obtained in this study and the entire genome of the respective OTU from a recent metagenomic study (2), it was not possible to unambiguously determine whether the OTU belongs to either Sideroxydans or Gallionella or might represent a novel genus within the Gallionellaceae (2). More sequence information might help to resolve the phylogeny of the dominant OTU in culture KS under autotrophic conditions. In this paper, we therefore refer to this OTU as Gallionellaceae sp. as previously suggested by He et al. (2) based on analysis of the KS metagenome. Other OTUs found in culture KS under autotrophic conditions had 100% 16S rRNA gene sequence similarity to Bradyrhizobium japonicum (0.1% relative sequence abundance), 100% and 94.2% sequence similarity to Rhodanobacter denitrificans and Rhodanobacter lindaniclasticus, respectively (0.1% and 0.2% relative sequence abundance), 99.6% sequence similarity to Ochrobactrum pseudogrignoense (0.1% relative sequence abundance), and 98.4% sequence similarity to Nocardioides pyridinolyticus (0.1% relative sequence abundance).
Under heterotrophic growth conditions with acetate as the electron donor, culture KS was dominated by an OTU with 100% 16S rRNA gene sequence similarity to Bradyrhizobium japonicum (81.0% relative sequence abundance). The relative sequence abundance of 16S rRNA gene sequences related to Gallionella ferruginea dropped from 99.0% to 12.4% under heterotrophic growth conditions. Interestingly, only the OTU with 93.4% sequence similarity to Gallionella ferruginea was detected under heterotrophic conditions and not the Gallionellaceae sp. OTU with 94.2% sequence similarity to Gallionella ferruginea that dominated culture KS under autotrophic conditions. However, the 16S rRNA gene sequence data alone do not provide sufficient evidence to prove the existence of two Gallionellaceae sp. strains in culture KS, considering the relative short length of the pyrosequencing reads, although we also cannot completely rule out this possibility based on the 16S rRNA data alone. In any case, the phylogenetic analysis of the essential single-copy gene data of the KS metagenome did not suggest that multiple Gallionellaceae sp. strains are present in culture KS (2) . Other OTUs found under heterotrophic growth conditions were classified as Rhodanobacter denitrificans (1.8% relative sequence abundance) and Nocardioides pyridinolyticus (4.7% relative sequence abundance). An OTU affiliated to Ochrobactrum sp. was not detected under heterotrophic growth conditions (Table 1) . Our results show that culture KS contains two numerically dominating OTUs, Gallionellaceae sp. and Bradyrhizobium sp., which change in relative sequence abundance when culture KS is grown under autotrophic or heterotrophic conditions. Therefore, we decided to focus our attention in this study on these two OTUs by quantifying their population dynamics and distribution of cells by CARD-FISH.
Establishment of specific CARD-FISH probes for community composition analysis. Hybridization conditions for the newly developed horseradish peroxidase (HRP)-labeled FISH probes KS-Gal466 and KS-Brady1249 were optimized using reference strains with 1.7 and 1.1 weighted mismatches at the respective probe-specific target site on the 16S rRNA, respectively. The highest fluorescence signals and best mismatch discrimination were obtained with 35% formamide for both probes. Probe KS-Gal466 was used together with helper oligonucleotides in order to increase fluorescence signal intensities. FISH and DAPI (4=,6-diamidino-2-phenylindole) images for the two probes are shown in Fig. 1 . Like other Sideroxydans or Gallionella cells, Gallionellaceae sp. cells in culture KS were non-stalk-forming short rods, about 1 to 2 m long and 0.5 m thick (Fig. 1C) . The Bradyrhizobium species cells were rods 1 to 10 m long and 0.5 to 1 m thick (Fig. 1F) . While Gallionellaceae sp. cells had a very homogenous cell size independent of growth phase and growth condition, the morphology of the Bradyrhizobium species cells was rather diverse, with shorter and longer cells present at each growth phase. Generally, Bradyrhizobium species cells were longer and thicker under heterotrophic growth conditions than under autotrophic growth conditions (data not shown).
Nitrate, Fe, and acetate concentrations during autotrophic and heterotrophic growth of culture KS. Culture KS was cultivated under autotrophic [Fe(II) and nitrate] and heterotrophic (acetate and nitrate) growth conditions. Because of slightly different lag phases among triplicate cultures, only one representative data set is shown in Fig.  2 . The data of the other replicate cultures followed the same trend and are provided in Fig. S1 in the supplemental material. Our discussion of the data is based on observations and general trends consistent among all three replicates. In agreement with previously published data on culture KS, no transformation of nitrate and/or Fe(II) was observed in abiotic control experiments (data not shown) (1) .
Under autotrophic growth conditions, culture KS started Fe(II) oxidation and nitrate reduction after an initial lag phase of 23 h (Fig. 2A) . Thereafter, Fe(II) concentrations rapidly dropped from 10.8 mM to 2.9 mM within 95 h. Simultaneously, nitrate concentrations decreased from 4.2 mM to 2.5 mM. After 100 h, Fe(II) and nitrate concentrations remained constant until the end of incubation. Nitrite formation was not observed in any of the triplicate cultures during incubation. At the end of the experiment, culture KS oxidized 7.3 to 8.7 mM Fe(II) (81 to 86%) and reduced 2.1 to 2.7 mM nitrate (38 to 50%) under autotrophic conditions (ranges for triplicates), leading to ratios of Fe(II) oxidized /nitrate reduced of 3.2 to 4.7. The con- sumption rates were 2.7 to 4.0 mM Fe(II) day Ϫ1 and 1.0 to 1.3 nitrate day Ϫ1 (Table 2) .
Under heterotrophic growth conditions, acetate oxidation and nitrate reduction started after an initial lag phase of 95 h (Fig. 2B) . Following the lag phase, culture KS (Table 2) . CARD-FISH cell counts during autotrophic and heterotrophic growth. We used the newly designed FISH probes KS-Gal466 (for Gallionellaceae sp.) and KS-Brady1249 (for Bradyrhizobium spp.) to monitor changes in the microbial community composition during growth under autotrophic and heterotrophic conditions. Total cell counts were performed for duplicate cultures grown with the labeled substrates under the two growth conditions following DAPI staining and for FISH-stained populations after hybridization with the Gallionellaceae sp. and Bradyrhizobium spp. specific probes. Total cell numbers, FISH counts, and relative cell abundances under autotrophic and heterotrophic growth conditions are shown in Fig. 2C to F.
Under autotrophic growth conditions, DAPI-based cell numbers increased from 1 ϫ 10 5 cells ml Ϫ1 to 2 ϫ 10 7 cells ml Ϫ1 after 71 h before cell numbers decreased slightly to 6 ϫ 10 6 cells ml Ϫ1 , with only minor variations until the end of incubation at 240 h (Fig. 2C ). The slight decrease in cell number coincided with the decrease of Fe(II) oxidation and approximation of the final Fe(II) concentration of 2.9 mM ( Fig. 2A ). FISH counts with probe KS-Gal466 showed that the Gallionellaceae sp. cell numbers followed the same trend as the DAPI counts (Fig. 2C ). Bradyrhizobium species cell numbers increased by 2 orders of magnitude from 6 ϫ 10 3 cells ml Ϫ1 to 8 ϫ 10 5 cells ml Ϫ1 after 71 h. Thereafter, Bradyrhizobium species cell numbers remained stable at 5 ϫ 10 5 cells ml Ϫ1 until the end of the incubation (Fig. 2C ). Under autotrophic growth conditions with Fe(II) as the electron donor and nitrate as the electron acceptor, Gallionellaceae sp. reached relative abundances of 73% to 98% throughout the experiment (Fig. 2E) . The relative abundance of Bradyrhizobium species cells varied from 3% to 20% during the experiment (Fig. 2E) .
Under heterotrophic growth conditions, DAPI cell numbers increased constantly from initially 1 ϫ 10 5 cells ml Ϫ1 to 1 ϫ 10 8 cells ml Ϫ1 after about 214 h of incubation (Fig. 2D ). Total cell numbers remained constant even after nitrate had been completely reduced (Fig. 2B) . Gallionellaceae sp. increased by 2 orders of magnitude from 9 ϫ 10 4 cells ml Ϫ1 to 6 ϫ 10 6 cells ml Ϫ1 , and Bradyrhizobium spp. increased by 4 orders of magnitude from 8 ϫ 10 3 cells ml Ϫ1 to 9 ϫ 10 7 cells ml Ϫ1 during the same period (Fig.  2D ). Interestingly, cell numbers of both Gallionellaceae sp. and Bradyrhizobium spp. increased before changes in acetate and nitrate concentrations were detected. In the beginning of the experiment, Gallionellaceae sp. had a relative cell abundance of 76% because cultures were inoculated from a preculture grown under autotrophic conditions. However, during incubation under heterotrophic conditions, the relative abundance of Gallionellaceae sp. decreased to below 10% while the relative abundance of Bradyrhizobium spp. increased from 9% to 93% (Fig. 2F) .
Doubling times were calculated for the two taxa under autotrophic (47 to 71 h) and heterotrophic (37 to 87 h) growth conditions ( Table 2) . Gallionellaceae sp. doubling times were shorter under autotrophic growth conditions (7 to 12 h) than under heterotrophic growth conditions (12 to 18 h). Bradyrhizobium species cells doubled in numbers every 9 to 14 h under autotrophic conditions and every 9 to 10 h under heterotrophic conditions.
Quantification of carbon and nitrogen uptake by NanoSIMS. Substrate incorporation was quantified under the two different growth conditions for single cells of Gallionellaceae sp. and Bradyrhizobium spp. for one culture incubated with 13 C and 15 N substrates by combining CARD-FISH cell identification with nanoscale imaging secondary ion mass spectrometry (NanoSIMS). Regions of interest (ROIs) for NanoSIMS analyses were identified based on the FISH probe-conferred fluorescence signals for probes KS-Gal466 and KS-Brady1249 using fluorescence microscopy (FM) and scanning electron microscopy (SEM) (see Fig. S2 in the supplemental material). For all identified ROIs, the secondary ions 12 C Ϫ , 13 Fig. 3 . We detected some unspecific, non-cell-associated 19 F Ϫ signals in some of the NanoSIMS measurements, especially in the samples with high Fe(III) oxyhydroxide mineral contents. Therefore, cell identification and differentiation were based on corresponding FISH and DAPI fluorescence signals ( Fig. 3M to P) .
Under heterotrophic growth conditions with acetate and nitrate, only small amounts of Fe were detected (see Fig. S3B in the supplemental material), which probably originated from the preculture that was cultivated under autotrophic conditions with Fe(II) as the electron donor. At higher cell densities, some aggregates of Bradyrhizobium species cells were observed; however, Gallionellaceae sp. cells were always separate from Bradyrhizobium species cells.
The natural abundance ratios of 13 C/ 12 C and 15 N/ 14 N were calculated for unlabeled cultures (an autotrophic culture for Gallionellaceae sp. and a heterotrophic culture for Bradyrhizobium spp.) on identified cells (see Fig. S4 in the supplemental material). The assimilation of 13 C and 15 N by individual cells of both populations was quantified for samples collected during the exponential growth phase of "active" Fe(II) and acetate oxidation (after 47 h and 183 h, respectively) and in the stationary growth phase after oxidation of Fe(II) and acetate had ceased (after 183 h and 239 h, respectively) ( Table 3 ).
The individual cell atom percent enrichment (APE) of Gallionellaceae sp. grown with the two labeled substrates ([ 13 (22) . The enrichment of Gallionellaceae sp. in 13 C and 15 N measured in the exponential and stationary growth phases was significantly different from the natural enrichment (t test results for 13 C, P ϭ 2.40 ϫ 10 Ϫ3 and P ϭ 9.97 ϫ 10 Ϫ6 ; for 15 N, P ϭ 6.21 ϫ 10 Ϫ4 and P ϭ 8.92 ϫ 10 Ϫ3 , respectively). Bradyrhizobium species cells (n ϭ 4 in the exponential growth phase, and n ϭ 7 in the stationary growth phase) did not show any enrichment in labeled carbon or nitrogen [t test for exponential growth phase, P ϭ 0.46 ( 13 C) and P ϭ 0.81 ( 15 N); for stationary growth phase, P ϭ 0.47 ( 13 C) and P ϭ 0.41 ( 15 N)] under autotrophic conditions ( Fig. 3F and J and Table 3 ; Fig. S5 ).
The natural background enrichment in 13 15 N), during the exponential growth phase (after 183 h, n ϭ 10). Thereafter, the APE of Fig. S6 ). The natural 13 C and 15 N enrichment of Gallionellaceae sp. cells was significantly lower than the carbon and nitrogen isotopic enrichments quantified during exponential growth (t test, P ϭ 3.76 ϫ 10 Ϫ6 and P ϭ 3.64 ϫ 10 Ϫ7 , respectively) and in the stationary growth phase (t test, P ϭ 3.89 ϫ 10 Ϫ4 and P ϭ 1.78 ϫ 10 Ϫ3 , respectively). The 13 C and 15 N enrichment of Gallionellaceae sp. cells under heterotrophic growth conditions was higher than the enrichment quantified for Bradyrhizobium species cells and also higher than the enrichment of Gallionellaceae sp. cells under autotrophic conditions. DISCUSSION Microbial community composition. Culture KS is an autotrophic, nitrate-reducing Fe(II)-oxidizing culture that was enriched more than 20 years ago. The microbial community of culture KS is comprised of an autotrophic Fe(II) oxidizer belonging to the Gallionellaceae and several heterotrophic strains (1, 2, 11) . However, even with comprehensive 16S rRNA gene sequence information and unique single-copy gene information from a metagenomic study, it has so far not been possible to unambiguously determine whether the Gallionellaceae member in culture KS belongs to the genus Sideroxydans or Gallionella or whether it represents a novel genus within the Gallionellaceae (2) . Also, the interesting finding of our 16S rRNA gene survey, which revealed the presence of two Gallionellaceae sp. OTUs with either 93.4% or 94.2% sequence similarity to Gallionella ferruginea, will require more-in-depth sequence data to decisively determine if culture KS might contain two Gallionellaceae sp. strains.
Interestingly, whereas the Fe(II) oxidizer has remained in the culture, the heterotrophic flanking community has changed during cultivation in different labs over the last 20 years. Blöthe and Roden (11) used a conventional 16S rRNA gene clone library approach and found a different community composition of culture KS ("Madison culture") (62 to 72% Gallionellaceae, 14 to 21% Comamonas badia, Rhodanobacter, Parvibaculum) from the one previously described for the original culture at that time, 13 years ago (when the strains Rhodoferax fermentans and Rubivivax gelatinosus had been isolated [1, 23] ). However, they also demonstrated that the KS community was stable during three consecutive years of their investigations. Surprisingly, when the same culture was investigated by He et al. (2) 7 years later by sequencing an Illumina shotgun library on MiSeq and HiSeq platforms, the authors found other heterotrophic community members (e.g., Rhizobium/Agrobacterium, Bradyrhizobium, Nocardioides), showing that in particular the heterotrophic microbial community had undergone compositional change. Also, in another independently proliferated culture KS ("Tuebingen culture"), other heterotrophs were found (Rhodanobacter, Ochrobactrum) using 454 pyrosequencing of 16S rRNA gene amplicons. The main heterotrophic community members found in the KS "Madison culture," Rhizobium/Agrobacterium and Comamonadaceae, were absent in the KS "Tuebingen culture" (2) . However, the Fe(II) oxidizer Gallionellaceae sp. dominated both the KS "Madison culture" and the KS "Tuebingen culture", but with very different relative sequence abundances: 42% in the "Madison culture" and 99% in the "Tuebingen culture" (2) . The reason for these variations between the two independently cultivated KS cultures is probably slightly different growth conditions (e.g., water quality, exact medium composition, number of transfers), but in particular the different inoculum volumes used during culture transfers, which were 10% (vol/vol) for the "Madison culture" and 1% (vol/vol) for the "Tuebingen culture." With a 10% (vol/vol) inoculum, obviously more heterotrophic cells can be transferred, while a 1% (vol/vol) inoculum resulted in a higher enrichment of the Fe(II) oxidizer. In the present study, when we grew culture KS under autotrophic conditions with Fe(II) as the electron donor, we found the same heterotrophs as those described by He et al. (2) (Bradyrhizobium, Nocardioides, and Rhodanobacter). In addition, we determined the community composition of culture KS grown heterotrophically with acetate as the electron donor and observed a significant shift in the relative 16S rRNA gene sequence abundance of different members of the community of culture KS. When grown with acetate and nitrate, culture KS was dominated by Bradyrhizobium sp. Interestingly, the other heterotrophs did not become more abundant than the Gallionellaceae sp. after just one transfer on medium with acetate and no Fe(II). Under both growth conditions [autotrophic with Fe(II) and heterotrophic with acetate], Gallionellaceae sp. and Bradyrhizobium sp. always accounted for Ͼ93% of all cells in culture KS. Therefore, we decided to focus only on these two taxa by following their shifts in relative abundance under autotrophic and heterotrophic growth conditions using CARD-FISH in order to get insights into their metabolic response and possible interactions under the two growth conditions. Substrate turnover and electron balances during autotrophic and heterotrophic growth. Under autotrophic growth conditions with Fe(II) as the electron donor and nitrate as the electron acceptor, the two substrates were consumed simultaneously, indicating that these two processes were coupled. After Fe(II) oxidation stopped, nitrate also was not further reduced. Overall, culture KS oxidized up to 86% of the Fe(II) provided, which is in agreement with previous published data for culture KS (1, 11, 12) . The ratios of nitrate reduced /Fe(II) oxidized were 0.24 to 0.36, that is, in the same range as previously reported ratios for culture KS (0.21 to 0.24) (12) as well as a ratio reported for another freshwater nitrate-reducing Fe(II)-oxidizing enrichment culture (0.23) (24) . Also, the Fe(II) oxidation rates of culture KS (3.3 Ϯ 0.7 mM day Ϫ1 ) were in the same range as the rates reported previously for culture KS (2.0 Ϯ 0.0 mM day Ϫ1 ) (12) and the mixotrophic NRFO Acidovorax sp. BoFeN1 (up to 3.4 mM day Ϫ1 ) (25) . The incomplete consumption of Fe(II) and nitrate could be due to the fact that during medium preparation a fraction of the dissolved Fe(II) precipitated with phosphate (0.6 g liter Ϫ1 ) to form vivianite Fe 3 (PO 4 ) 2 ·8H 2 O (26). Culture KS is not able to oxidize vivianite with nitrate as the electron acceptor (12) . The incomplete substrate consumption was also reflected in the electron balances for the respiration of Fe(II) under autotrophic conditions. Fe(II) oxidation provides 1 mM electrons for each mM Fe(II) oxidized. This means that when culture KS oxidized 8 mM Fe(II), an equal amount of electrons could have been transferred to nitrate (when we ignore the electrons required for CO 2 fixation). Complete reduction of nitrate to N 2 requires 5 electrons, resulting in a stoichiometry of 5 mM oxidized Fe(II) per 1 mM reduced nitrate, leading to a ratio of nitrate reduced /Fe(II) oxidized of 0.2 (or even lower if we consider that electrons are also needed for CO 2 fixation). In our experiments, we observed the reduction of 2 mM nitrate while 8 mM Fe(II) was oxidized (ratio, 0.25). Possible explanations for this imbalance (i.e., nitrate consumption higher than expected) might be the incomplete reduction of nitrate to either NO or N 2 O and not to N 2 . According to the KS metagenome, Gallionellaceae sp. is capable of reducing nitrate to NO only because genes for a nitric oxide reductase and nitrous oxide reductase have not been found in the Gallionellaceae sp. genome (2) . However, Bradyrhizobium sp. and the other heterotrophic strains of the flanking community in culture KS carry all genes necessary for complete denitrification. They might have been able to reduce nitrate with electrons from intracellular storage compounds, from the oxidation of biomass from dead cells, or from excreted metabolites from the autotrophic Gallionellaceae sp. However, many denitrifiers reduce nitrate incompletely and release N 2 O (27). Unfortunately, we did not quantify N 2 O in the headspace of the cultures. On the other hand, if we assume that Gallionellaceae sp. is the primary nitrate reducer under autotrophic conditions, incomplete nitrate reduction to NO requires only 3 mM electrons from Fe(II) oxidation. Under these conditions, culture KS would have oxidized more Fe(II) than it reduced nitrate. This could potentially be explained when we assume that (i) the heterotrophic community can oxidize Fe(II) to some extent with nitrate as an electron acceptor, as it has been previously reported for other Bradyrhizobium and Nocardioides strains (28, 29) , (ii) Fe(II) is to some extent chemically oxidized by the nitrate reduction intermediates nitrite and nitric oxide (25, (30) (31) (32) (33) (34) (nitrite is highly reactive and could have been further reduced to NO before we were able to quantify it), or, most likely, (iii) some electrons from Fe(II) are required for reverse electron transport to produce reduction equivalents, such as NAD(P)H, to fix CO 2 and were not used to reduce nitrate (2, 5) .
Under heterotrophic growth conditions with acetate as the sole electron donor and nitrate as the electron acceptor, the two substrates were consumed simultaneously. When the culture reached the stationary phase, it had consumed on average equal amounts of acetate and nitrate (about 4 mM each). Acetate oxidation was incomplete because nitrate availability was limiting. Microorganisms can gain 8 electrons from acetate if they oxidize acetate completely to CO 2 . Assuming that nitrate is reduced completely to N 2 , the reduction of 4 mM nitrate requires 20 mM electrons. Since the reduction of 4 mM acetate to CO 2 provides 32 mM electrons (8 mM electrons per 1 mM acetate), not all electrons from acetate oxidation could be accounted for by nitrate reduction. However, some of the acetate is also needed for synthesis of new biomass and cell growth. The ratio of how much acetate is used for biomass synthesis versus energy metabolism varies strongly among species and growth conditions. Based on our electron balance, 2.5 mM acetate (62.5%) could have been completely oxidized to CO 2 while the remaining 1.5 mM (37.5%) was used for biomass synthesis. A previous study has shown that the phototrophic Fe(II) oxidizer Rhodopseudomonas palustris TIE-1 oxidized only 22% of its available acetate to CO 2 while it used the remaining 78% for biomass production (35) . However, photoheterotrophic microorganisms can assimilate more carbon because they gain their energy from light. Interestingly, total cell numbers of culture KS increased before changes in acetate and nitrate concentrations could be detected, which might have been due to the sensitivity of our acetate and nitrate quantification methods. Since the preculture was grown under autotrophic conditions with Fe(II) and nitrate, acclimation of culture KS to heterotrophic growth with acetate might be a further explanation for the extended lag phase, since cells will have to induce metabolic pathways for acetate consumption. However, when the mixotrophic NRFO Acidovorax sp. BoFeN1 or strain 2AN was cultivated with acetate and nitrate, acetate oxidation started immediately after inoculation, leading to a maximum acetate consumption rate of 2.5 mM day Ϫ1 or 4 mM day Ϫ1 (30), respectively. The acetate oxidation rates for culture KS were 1.5 Ϯ 0.1 mM day Ϫ1 , that is, considerably lower than those of the two Acidovorax strains.
Cell carbon assimilation under autotrophic conditions. We observed a broad spectrum of individual cell activities with respect to incorporation of 13 C-and 15 Nlabeled substrates (Fig. S5 ) causing relatively high standard deviations when average atom percent enrichment (APE) values were calculated for any specific number of Gallionellaceae sp. and Bradyrhizobium species cells. We therefore decided to report not the average values with standard deviations but rather the ranges of 13 C and 15 N enrichment from the lowest to the highest isotope enrichments observed. A high heterogeneity of individual single-cell activities with respect to carbon and nitrogen incorporation has also previously been observed in other NanoSIMS studies (36, 37) .
Under autotrophic conditions, Gallionellaceae sp. reached cell numbers of 10 7 cells ml Ϫ1 and a relative cell abundance of 99% at the end of Fe(II) oxidation. The calculated doubling time (9.4 Ϯ 2.9 h) under these conditions was in the same range as those reported for the related microaerophilic Fe(II) oxidizers Sideroxydans and Gallionella (8 to 16 h) (20, (38) (39) (40) . The KS Gallionellaceae sp. has previously been identified as the chemolithoautotrophic Fe(II) oxidizer in the enrichment culture based on the presence of potential Fe oxidase genes of the MtoAB type and genes of the RubisCO form II enzyme in its genome (2) . In the present study, we have demonstrated that the Gallionellaceae sp. in culture KS is capable of [ 13 C]bicarbonate fixation during Fe(II) oxidation, confirming its chemolithoautotroph lifestyle (Fig. 5) . Although it has been shown previously for specific Gallionella sp. isolates (e.g., Gallionella ferruginea [21] ) that they can fix CO 2 under autotrophic conditions, fixation of inorganic carbon had not previously been shown for the Gallionellaceae sp. in culture KS because the organism has not been isolated from the enrichment culture to date. With respect to CO 2 fixation, the Gallionellaceae sp. in culture KS behaves as do many known microaerophilic Fe(II) oxidizers, such as Sideroxydans sp. ES-1 and Gallionella sp. ES-2 (20), Mariprofundus sp. PV-1 (41), Ferriphaselus (42) , and many other Gallionellaceae isolates from different environments (43, 44) , which carry RubisCO form II genes in their genomes.
One of our initial hypotheses was that under autotrophic conditions Gallionellaceae sp. provides fixed organic carbon to the heterotrophic flanking community members to sustain their growth and survival in the absence of externally added organic carbon (Fig. 5) (2, 11) . Growth and survival of heterotrophs in an organic-free medium together with autotrophic Fe(II) oxidizers have been shown previously (13, 15) . However, here we did not observe an enrichment in 13 C in Bradyrhizobium species cells under autotrophic growth conditions despite an increase in cell numbers by about 2 orders of magnitude and the fact that the Bradyrhizobium species strain(s) in culture KS possesses a form IC RubisCO (2). For other Bradyrhizobium strains, autotrophic growth has been shown with H 2 or thiosulfate as the electron donor or in the presence of low concentrations of oxygen (45) (46) (47) (48) . Although we did not observe any 13 C enrichment in any Bradyrhizobium species cells under autotrophic growth conditions, we cannot completely rule out that Bradyrhizobium spp. might have incorporated fixed carbon from the Fe(II) oxidizer to some extent but that we were not able to quantify it with our NanoSIMS approach. The overall enrichment of Gallionellaceae sp. in 13 C carbon was relatively low, and any cross-feeding would have further diluted the isotope signal. In addition, Bradyrhizobium species cells were much larger (up to 10 m long) than the Gallionellaceae sp. cells (1 to 2 m), which could have also contributed to a dilution of the 13 C signal upon intercellular carbon transfer. Also, using the 15 N signal as a marker for general activity to normalize the 13 C enrichment values and further standardizing the 13 C/ 15 N ratio to cell size did not help to unequivocally determine if the Bradyrhizobium species cells fixed CO 2 under autotrophic conditions, because the heterogeneity of individual cell activities resulted in high standard deviations of the calculated ratios, which made it difficult to determine a clear trend (refer to Table S1 in the supplemental material for these data). Any complete oxidation of labeled metabolites to [ 13 C]CO 2 by the heterotrophic community might have further reduced the remaining isotope label in the heterotrophic biomass. Also, the CARD-FISH protocol might have contributed to unspecific loss of isotope signal. As Musat et al. (49) have shown, an unspecific reduction of 13 C and 15 N signals is possible during each step of the CARD-FISH protocol, which might result in a decrease of the heavy-isotope signal compared to untreated samples of up to 50% following CARD-FISH.
As shown previously in a microscopy-based study, culture KS does also produce extracellular polymeric substances (EPS) during autotrophic growth in the presence of Fe(II) (26) . It has been speculated before that the observed EPS might serve as a carbon source to sustain growth and survival of the heterotrophic flanking community under autotrophic conditions (Fig. 5 ). This hypothesis is also supported by the circumstance that the metagenomic survey of culture KS was not able to clarify if the heterotrophic flanking community is capable of using Fe(II) as an electron donor (Fig. 5) . Known genes involved in Fe(II) oxidation were either completely missing or incomplete in the draft genomes of the heterotrophs in culture KS. However, other Bradyrhizobium strains seem to be capable of Fe(II) oxidation, as has previously been shown (28, 29) . On the other hand, Bradyrhizobium spp. probably did not use EPS as a carbon source under autotrophic growth conditions in our experiments because cell numbers did not further increase after Fe(II) oxidation eased, although EPS as a carbon and electron source and nitrate as an electron acceptor were still available.
Cell carbon assimilation under heterotrophic conditions. With acetate as an electron donor and nitrate as an electron acceptor, Bradyrhizobium spp. increased in cell numbers by 4 orders of magnitude and reached a relative abundance of up to 93%. In the presence of [ 13 C]acetate, Bradyrhizobium species cells became enriched in 13 C. This observation confirms previous results from genomic analyses that have found acetate uptake and metabolism pathways in the KS culture Bradyrhizobium sp. genome (Fig. 5) (2) .
However, annotation of the metagenomic sequence data was not able to unambiguously clarify if the KS-type Gallionellaceae sp. can take up and metabolize acetate, because known acetate transporters and genes of the glyoxylate cycle have not been found or were incomplete (2) . Despite these previous findings, we observed enrichment of 13 C and 15 N in Gallionellaceae sp. cells under heterotrophic growth conditions with acetate. 13 C enrichment of Gallionellaceae sp. cells coincided with an increase in cell numbers from 9 ϫ 10 4 to 6 ϫ 10 6 cells ml Ϫ1 (Fig. 2D) . The microaerophilic Fe(II) oxidizers Ferriphaselus (42, 50) , Sideroxydans sp. R-1 (40) , Sideroxydans sp. ES-1, and Gallionella sp. ES-2 (20) do not grow on acetate. Interestingly, the genomes of Sideroxydans sp. ES-1 and Gallionella sp. ES-2 (20) contain the same pathways for carbon metabolism as does the KS-type Gallionellaceae sp. However, both ES-1 and ES-2 contain additional acetate permeases that are absent on the KS-type Gallionellaceae sp. genome.
The observed 13 C incorporation from acetate under heterotrophic conditions by Gallionellaceae sp. cells could be due to the fact that Gallionellaceae sp. fixed [ 13 C]CO 2 produced by Bradyrhizobium spp. during complete acetate oxidation. Interestingly, the average APEs in 13 C and 15 N of the Gallionellaceae sp. were higher under heterotrophic growth conditions than under autotrophic growth conditions and even higher than those calculated for Bradyrhizobium spp. under heterotrophic growth conditions. As described in the discussion of electron balance above, 2.5 mM acetate (which is equivalent to 0.9 mmol because of the two C atoms in acetate) was oxidized to CO 2 under heterotrophic growth conditions. If we assume that equal amounts of [ 12 13 C enrichment of Gallionellaceae sp. cells than the 13 C enrichment that we quantified for Gallionellaceae sp. in the presence of [ 13 C]acetate, we assume that the Gallionellaceae sp. in culture KS must have used the labeled acetate as the sole or as an additional carbon source in order to reach the observed high level of 13 C enrichment (Fig. 5) . Previous growth experiments with culture KS showed that Gallionellaceae sp. did grow and survive for several transfers under heterotrophic conditions with acetate as an electron donor (12) , which supports our conclusion.
In the present study, we quantified the uptake of [ 15 N]ammonium only as a general indicator for cellular activity and growth of the different KS community members under the two growth conditions. However, future studies exploring the use of [ 15 (45, 51) . However, culture KS has been cultivated in an ammonium-containing medium for the last 20 years, which might have resulted in the loss of N 2 fixation capabilities in the community.
In conclusion, we have shown growth and CO 2 fixation of the KS culture Gallionellaceae sp. during Fe(II) oxidation with nitrate as an electron acceptor. Our findings provide further evidence that the KS-type Gallionellaceae sp. is a chemolithoautotrophic Fe(II) oxidizer. In addition, the observed growth of Gallionellaceae sp. and Bradyrhizobium spp. under autotrophic and heterotrophic growth conditions suggests interactions between the two community members that might be the reason for the decade-long stability of the KS culture community partnership between a chemolithoautotrophic Fe(II) oxidizer and heterotrophic denitrifiers (Fig. 5) . Unfortunately, we were not able to identify a carbon cross-feeding as the basis for this community stability with our experiments. Nonetheless, results from this study give further insights into the intricate interplay of different metabolic groups of organisms that sustain nitrate-dependent Fe(II) oxidation in culture KS (Fig. 5) . In this study, we identified acetate assimilation of Gallionellaceae sp. under heterotrophic conditions, suggesting that the strain possesses the metabolic flexibility to adapt to different growth conditions by switching to alternative electron donors instead of Fe(II). We also provide evidence that the KS-type Bradyrhizobium spp. seem to be incapable to fix CO 2 under the conditions tested in this study, although metagenomic sequence analysis found an IC-type RubisCO gene in the Bradyrhizobium spp. genome. Our results expand our knowledge on the physiological flexibility of culture KS and underline the importance of backing up the annotation and interpretation of metagenomic sequence data with physiological experiments and stable-isotope analyses to reveal metabolic capabilities and interactions in complex microbial communities.
MATERIALS AND METHODS
Sources of microorganisms, microbial growth medium, and growth conditions. The enrichment culture KS was isolated from a freshwater sediment in Bremen (1) and has been cultivated in our laboratory for several years. Culture KS-Tueb (referred to here as culture KS) was cultivated in serum bottles (250-ml volume, 180 ml medium) in anoxic freshwater medium (pH 6.8 to 7.0), which was buffered with 22 mM bicarbonate and prepared anoxically with an N 2 -CO 2 (90:10 [vol/vol]) headspace as described in detail by Hegler et al. (52) . The experiments were performed in triplicates: one culture was incubated without labeled substrates to obtain a reference for natural enrichments of 13 C and 15 N (control), and duplicates were incubated with 13 13 C from Aldrich, 9.9 atom % 13 C in the medium), 4 mM sodium nitrate, and 0.056 mM [ 15 N]ammonium chloride (Ն98 atom % 13 C from Aldrich, 8.9 to 9.1 atom % in the medium) (duplicates) were added to the medium. All cultures were inoculated with 1% (vol/vol) of a preculture grown on 10 mM FeCl 2 and 4 mM NaNO 3 and incubated at 28°C in the dark until stationary phase was reached and Fe(II) oxidation had ceased (about 7 days). Fe(II), acetate, and nitrate concentrations were measured for the triplicates, cell counts were done on the duplicates (labeled substrate), and NanoSIMS measurements were performed on one culture incubated with the labeled substrates and the control culture (stationary phase only).
Analytical methods. Fe(II) and Fe(III) were quantified with the revised ferrozine protocol for nitrite-containing samples described by Klueglein and Kappler (25) and Schaedler et al. (53) . The ferrozine-Fe(II) complex was quantified at 562 nm using a microtiter plate reader (FlashScan 550; Analytik Jena, Germany). Ferrozine measurements were performed in triplicates. Acetate was quantified by high-performance liquid chromatography (HPLC; class VP with refractive index detector [RID 10A] and SPD-M10A VP photo-diode array detector; Shimadzu, Japan) and nitrate/nitrite using a continuous-flow analyzer with a dialysis membrane for Fe removal to prevent side reactions during analysis (Seal Analytical, Norderstedt, Germany). Additional information on the individual analytical methods is summarized in the companion paper (12) . Fe, acetate, nitrate, and nitrite samples were measured from all three cultures.
Sequencing. Biomass for DNA extraction was collected by filtering 10 ml of an autotrophically and heterotrophically grown culture KS through 0.2-m-pore-size polyethersulfone (PES) membrane filters (Millipore). DNA was extracted from the PES membrane filters using the UltraClean Microbial DNA isolation kit (MoBIO Laboratories, Carlsbad, CA, USA). 16S rRNA genes were amplified using primers 27F (5=-AGAGTTTGATCMTGGCTCAG-3=) (54) and 534R (5=-ATTACCGCGGCTGCTGGC-3=) (55, 56) targeting the V1 to V3 region of the 16S rRNA gene. The primers 27F and 534R contained Roche's 454 pyrosequencing barcodes and adaptor A (27F) or B (534R). PCRs were performed with the FastStart High Fidelity PCR system (Roche, Mannheim, Germany). The obtained PCR products from three cultures and duplicate DNA extractions were pooled in equimolar amounts. The quality of the amplified DNA was confirmed on an Experion automated electrophoresis system (Bio-Rad, Hercules, CA, USA). Prior to sequencing, the PCR products were quantified using the Quant-iT PicoGreen double-stranded DNA (dsDNA) assay kit (Invitrogen, Eugene, OR, USA) and a QuantiFluor-ST fluorometer (Promega, Madison, WI, USA). 454 pyrosequencing was performed on a Roche GS Junior Sequencer (454 Life Sciences, Branford, CT, USA) according to the manufacturer's instructions for amplicon sequencing. Quality control, alignment, and classification of the sequencing data were performed using the software package mothur, version 1.33.3 (57) . Pyrosequencing noise and chimeras were removed with the mothur-implemented algorithms PyroNoise (58) and Uchime (59) as described previously (60) . Sequences shorter than 200 bp and sequences with homopolymers longer than 8 bp were removed from the data set. The remaining sequences were aligned against a seed alignment based on the Silva SSU Ref rRNA database (v.119) (61) and preclustered with the single-linkage algorithm, applying a threshold of 2% (62) . A distance matrix was created, and sequences were assigned to operational taxonomic units (OTUs) on the species level at 3% genetic distance using the average neighbor algorithm (63) . Sequences were classified using the Naive Bayesian Classifier (64) and the Silva reference taxonomy (v. 119). Because 16S rRNA gene copy numbers can vary in genomes of different organisms, we corrected the relative abundance of OTUs using exported OTU tables from mothur based on the lineage-specific gene copy number using the algorithm copyrighter (v. 0.46) (65) .
CARD-FISH. For CARD-FISH counts, samples were fixed with 1% paraformaldehyde (PFA) and incubated at 5°C for 12 to 16 h. Afterwards, the cells were centrifuged, washed twice with 1ϫ phosphate-buffered saline (PBS), resuspended in 1:1 1ϫ PBS-ethanol solution, and stored at Ϫ20°C. The cells were filtered onto Isopore polycarbonate membrane filter (GTTP, 0.2 m; Millipore) and embedded in 0.2% low-melting-point agarose. Cells grown with Fe(II) were treated with an oxalate solution (28 g liter Ϫ1 ammonium oxalate and 15 g liter Ϫ1 oxalic acid) to dissolve the Fe minerals before filtration.
Two new CARD-FISH probes specific for Gallionellaceae sp. and Bradyrhizobium spp. were designed using the probe design and probe match tools of the ARB software package (66) . Probes and helper oligonucleotides were designed to bind to specific regions on the 16S rRNA of Gallionellaceae sp. (KS-Gal466, 5=-CGTCATCCACACGATGTA-3=) and Bradyrhizobium spp. (KS-Brady1249, 5=-GCG TCT TCG CTT CCC ATT-3=). To improve the fluorescent signal of the KS-Beta466 probe, the following helper oligonucleotides were used: KS-Gal431-helper (5=-TTC CGT CTG AAA GAG CTT-3=), KS-Gal449-helper (5=-TTA AAT
